Flooding is considered to be one of the most destructive among many natural disasters such that understanding floods and assessing the risks associated to it are becoming more important nowadays. In the Philippines, Remote Sensing (RS) and Geographic Information System (GIS) are two main technologies used in the nationwide modelling and mapping of flood hazards. Although the currently available high resolution flood hazard maps have become very valuable, their use for flood preparedness and mitigation can be maximized by enhancing the layers of information these maps portrays. In this paper, we present an approach based on RS, GIS and two-dimensional (2D) flood modelling to generate new flood layers (in addition to the usual flood depths and hazard layers) that are also very useful in flood disaster management such as flood arrival times, flood velocities, flood duration, flood recession times, and the percentage within a given flood event period a particular location is inundated. The availability of these new layers of flood information are crucial for better decision making before, during, and after occurrence of a flood disaster. The generation of these new flood characteristic layers is illustrated using the Cabadbaran River Basin in Mindanao, Philippines as case study area. It is envisioned that these detailed maps can be considered as additional inputs in flood disaster risk reduction and management in the Philippines.
INTRODUCTION

Background
Flooding is considered to be one of the most destructive among many natural disasters, bringing catastrophic and costly damages to human lives, infrastructure and the environment all over the world. As the most frequently occurring natural disaster impacting more people worldwide than any other natural disasters (Banks et al., 2014) , understanding floods and assessing the risks associated to it, including the development of forecasting and warning systems, and preparation and implementation of flood mitigation and adaptation measures, have become more and more important nowadays (Banks et al., 2014; Dale et al., 2012; dos Santos and Tavares, 2015; Son et al., 2015; Adams and Pagano, 2016) .
Remote Sensing (RS) and Geographic Information System (GIS) have become effective geospatial tools for assessing hazards and risks associated with flood disasters (Manfré et al., 2012) , most especially for the simulation of flood characteristics, and for the assessment of its social, economic and environmental consequences (Albano et al., 2015) . These technologies have been used, either on their own or in a synergistic manner, to develop numerical flood simulation models that can aid in reconstructing past flood events for the purpose of mapping inundation levels and extents as well as to identify elements at risks (e.g., Amora et al., 2015; MakinanoSantillan et al., 2015; Santillan et al., 2016) ; in identifying flood-prone areas for the purpose of planning for disaster mitigation and preparedness (Asare-Kyei et al., 2015; Gashaw and Legesse, 2011; Pradhan, 2010; Samuel et al., 2014) ; and most especially in flood forecasting and early warning (Mioc et al., 2008; Sharif and Hashmi, 2006) , among many other uses and applications. In these applications, RS has become an important source of data/information necessary to build flood models and conduct assessment of flood risks such as topography, land-cover, location of built-up areas and other elements that are at risk to flooding (e.g., roads, buildings, and bridges). On the other hand, GIS allows easier handling and integration of various spatial and non-spatial datasets, automates the development of the flood models, facilitates risk analyses (e.g., identification of communities, roads and cultivated lands that may be endangered in different levels of flooding), and efficient generation of inundation maps and statistics that can be used as bases in various stages of flood disaster management (e.g., from preparedness to mitigation).
Light Detection and Ranging (LiDAR) data, in particular, has been widely used for flood hazard mapping studies due to its highly-accurate depiction of features within the landscape (Turner et al., 2013) . The accuracy and spatial resolution of the LiDAR data also allow the identification of subtle but important topographic variations that influence flow paths (French, 2003) . In the US, the increasing affordability of LiDAR data have made more feasible the updating of flood studies and large-scale mapping efforts (Gilles et al., 2012) .
Flood Hazard Mapping in the Philippines
In the Philippines, RS and GIS are two main technologies used in the nationwide modelling and mapping of flood hazards (Lagmay, 2012) , with the use of LiDAR technology as a major, important component (UP TCAGP, 2015; UP DREAM, 2016) . With an average of 3-4 significant floods every year (DPWH 2014; Abon et al. 2015) , flooding is widely recognized as a serious, expensive, and a recurring concern in the country. In response to the echoing need to better prepare the country and its people for such natural disasters, the Disaster Risk and Exposure Assessment for Mitigation (DREAM) Program was formed in 2011 to produce up-to-date, detailed, and highresolution flood hazard maps for the 18 critical major river basins in the Philippines (UP TCAGP, 2015) . Its follow-up program called Phil-LiDAR 1 (Flood Hazard Mapping of the Philippines using LiDAR) continues to generate these maps for the remaining 257 minor river basins (UP DREAM, 2016).
The UP DREAM and Phil-LiDAR 1 Programs' flood mapping methodology includes the development of watershed hydrologic model for each river basin based on the Hydrologic Engineering Center Hydrologic Modelling System (HEC HMS) and using this model to compute the discharge values that quantifies the amount of water entering the floodplain, and then using these discharge values as inputs in two-dimensional flood simulations using FLO-2D GDS Pro to generate static flood hazard and depth maps of the flood plains (e.g., UP TCAGP, 2015). The major data inputs in these simulations and flood maps generations are 1 m x 1 m spatial resolution elevation datasets which were acquired through the use of state-of-the-art airborne LiDAR technology, and appended with Synthetic-aperture radar (SAR) in some areas (UP TCAGP, 2015) . The flood maps generated by the programs are accessible in open and GIS-ready formats through the LiDAR Portal for Archiving and Distribution (LiPAD; http://lipad.dream.upd.edu.ph), for use by Local Government Units (LGUs), National Government Agencies (NGAs), members of the academe, and researchers, among others.
At present, the flood mapping methodology implemented by the Programs is limited to the generation of flood depth and hazard maps. These maps show the maximum flood depths and flood hazard level that can be expected for 24-hour duration rainfall events of varying return period (e.g., 5-, 25-, and 100-year return period). The flood hazard maps, in particular, show the level of flood hazard which are categorized into three: low (for flood depths of 0.5 m and below), medium (flood depths greater than 0.5 m to 1.5 m), and high (for flood depths greater than 1.5 m). Maps of some basic flood characteristics that are also useful in flood disaster management are currently not being generated and published, although the 2D model used is capable of producing such layers. These additional layers include flood velocities, flood arrival times, flood duration, flood recession times, and the percentage within a given period of flood event a particular location is inundated. Although flood depth is often the primary input for evaluation of flood impacts, other flooding characteristics should not be ignored because they are also important for an extensive understanding of the flood influences. For example, high velocity and long duration floods can lead to harmful consequences like destruction of man-made structures, river bank and bed erosions and water pollution. All of these may lead to economic loss, people affected, environmental degradation and ecological imbalance (Ahmadisharaf et al., 2015) . In Japan, information on flood characteristics such as the flow rate of flood waters, speed of propagation to downstream areas, inundation duration, and increase rate of inundation depth at water storage areas are added to flood hazard maps as an effective way to encourage residents to take evacuation actions on an appropriate timing (MLIT, 2005) . In the Netherlands, flood probabilities and flood characteristics such as flow velocity, rising rate, maximum water depth, flood duration, and their combinations are used to calculate two objective measures of flood hazards namely, the flood fatality hazard and the flood damage hazard (de Bruijn et al., 2015) .
Motivations and Objectives
High resolution flood hazard maps available for the Philippines are undeniably becoming very valuable in identifying areas/localities that can be flooded and the communities (and structures) that can be affected if rainfall events of varying volume and intensity (i.e., varying rain return periods) will fall over a river basin. Their use for flood preparedness and mitigation can be maximized by supplementing and enhancing the currently available information these maps portrays.
In this paper, we present and applied an approach based on RS, GIS and two-dimensional (2D) flood modelling to generate new flood layers in addition to the usual flood depths and hazard maps. The availability of these new layers of flood information are crucial for better decision making before, during, and after occurrence of a flood disaster. The need for these layers of information is also becoming urgent in the context of climate change impact, adaptation and mitigation. As a changing climate leads to changes in the frequency, intensity, spatial extent, duration, and timing of extreme weather and climate events, a better characterization of flooding event caused by these extreme rainfall scenarios is very critical. For example, having a map showing flood arrival times for a particular rainfall event is very critical for early warning of communities, particularly for identifying households that needs to be evacuated within an allowable period of time. Combined information on flood depths and velocities will help communities to be prepared for the degree of hazard they are expected to encounter. Information on flood duration and recession times will also be helpful in formulating decisions on how much time evacuated communities needs to stay in evacuation centers. Figure 1 illustrates the RS-GIS-2D modelling approach, which is similar to the UP DREAM/Phil-LiDAR 1 flood hazard mapping methodology. The only difference is that the methodology was extended to generate additional flood characteristics layers. There are two important elements in this approach which are the hydrologic model and the 2D hydraulic model. The combination of this two comprises a "flood model" which is commonly used to generate maps of flood hazards. In flood modelling applications, the purpose of the hydrologic model is to determine the volume of water coming from the various watersheds due to rainfall. Rainfall depths recorded by rain gauges are usually used as input into the hydrologic model to compute discharge hydrographs for specific locations in the watershed, specifically at those locations where the upstream watershed ends and the floodplain portions begin. The discharge hydrographs depict the volume of water per unit time (e.g., in m3/s) that drains into the main river at these locations. These hydrographs are then used as inputs into the 2D hydraulic model to simulate various processes such as the movement of water from the upstream watersheds into the main river, as well as how its overflows from the rivers and travels into the flood plains .
DESCRIPTION OF THE APPROACH
The development of the hydrologic model requires a Digital Elevation Model (DEM) for sub-basin delineations and for derivation of topography-related parameters of the model such slope and elevation; and a landcover map from remotely-sensed images for the derivation of land-cover-related model parameters such as Manning's surface roughness coefficient, and Curve Number for runoff volume computation. The model development and parameter maps generation can be done using GIS software (e.g., USACE HEC, 2003) . To ensure that the hydrologic model can accurately simulate discharge coming from the upstream watersheds, it is subjected to calibration where the model's parameters are adjusted such that it simulates the observed discharge within acceptable levels of accuracy (Moriasi et al., 2007) . Once calibrated, the model can then be used to simulate discharge hydrographs that would result from various rainfall scenarios (which can be actual rainfall events or hypothetical ones like 24-hour duration rainfall events of varying return periods).
The development of the 2D hydraulic model requires as major inputs the high resolution Digital Terrain Model (DTM) derived from LiDAR and integrated with river and sea bed topographic information, and the same land-cover map initially used in hydrologic model development. Using a bed-integrated DTM as source of topographic information would ensure that the 2D model can accurately calculate how water will flow along the river and in the flood plains (in case there is an overflow). A 2D hydraulic model was chosen due to the many advantages that this type of model has over a 1D model. 1D's suitability in flood simulation and mapping is hindered by a number of factors: the flow path (direction of flow) must be defined beforehand, a description that is not always realistic e.g. on flat areas with large variations in water levels; a 1D model does not provide details on velocity distribution, for instance across flood plains; and 1D models may falsify reality especially in the case when flooding waters leave the main channels, reaching floodplains, with none returning to the rivers, having their own ways over the watershed or the floodplain. These limitations can be very well addressed by 2D models. In fact, aside from spatially-distributed flood depths and velocities, only 2D hydraulic models can output other important flood characteristics such as flood arrival times, flood duration, flood duration, flood recession times, and percentage time inundated (USACE HEC, 2016a).
With the availability of a calibrated hydrologic model and a fully-configured 2D hydraulic model, flood events can now be simulated. First, the calibrated hydrologic model will generate the discharge hydrographs using actual or hypothetical rainfall data as inputs. The output hydrographs will then be used as input (i.e., boundary conditions) to the 2D hydraulic model. Rainfall information can also be used as additional boundary condition of the model so that not only the overflowing of the river can be simulated but also on how rain falling on the ground will get infiltrated, or get stagnant (e.g., in a depression), or continue to flow toward areas of lower elevation. Tidal effects (especially if the area is near the sea) can also be accounted by the 2D model by inputting tidal data as additional boundary condition.
From a successful simulation, the 2D hydraulic model can generate highly detailed maps showing flood depths, flood velocities, flood arrival times, flood duration, flood recession times, and the percentage within a given flood event period a particular location is inundated. River/Sea Bed Topographic Data
APPLICATION OF THE APPROACH
Case Study Area
To illustrate the application of the approach, we selected as case study area the Cabadbaran River Basin (CRB) and the nearby Pandanon River and Caasinan River Watersheds in Agusan del Norte, Caraga Region, Mindanao, Philippines (Figure 2) . With a total area of 238 km 2 , these river basins and watersheds cover a major portion of Cabadbaran City which was reported to be one of those affected by flooding caused by tropical storm Seniang (International name: Jangmi) in the December 2014. TS Seniang made landfall, and the heavy to torrential rains associated with it triggered massive flooding and caused fatalities in many localities (NDRRMC, 2015) . In the upstream watersheds of Cabadbaran River Basin, Seniang brought a total rainfall of 356 mm. Rainfall intensity peaked on December 29 where 259 mm where recorded. In the downstream portion, 123 mm were recorded at the Cabadbaran City Hall station, of which 80 mm were recorded on December 29 .
Hydrologic and 2D Hydraulic Models Used
We utilized two popular hydrologic and hydraulic modelling systems for flood-related studies which are the HEC HMS and HEC RAS (River Analysis System), respectively. These two software suites are free. HEC HMS is a generalized modelling system designed to simulate the precipitation-runoff processes of watershed systems with a wide range of applicability including large river basin water supply and flood hydrology, and small urban or natural watershed runoff (USACE HEC, 2010) . For this study, we used HEC HMS Version 3.5. On other hand, HEC RAS is an integrated system of software designed to perform one-dimensional (1D), 2D or combined 1D-2D hydraulic calculations for a full network of natural and constructed channels (USACE HEC, 2016b). One of the most common uses of HEC RAS is flood inundation mapping provided that inflow data is available (e.g., from hydrological simulations or actual flow measurements) to serve as the model's boundary conditions (Hicks and Peacock, 2005 
HEC HMS Hydrologic Model Development and Calibration
The hydrologic model based on HEC HMS Version 3.5 has four sub-models to simulate the basic hydrologic processes of runoff generation from rainfall, its transformation and combination with baseflow, and its routing towards the outlet (USACE, 2000) . These four components are (i) infiltration loss using the SCS Curve Number method, (ii) direct runoff using the SCS Unit Hydrograph method, (iii) baseflow using the Exponential Baseflow Recession method, and (iv) channel routing using the Muskingum-Cunge method. Modelling in HEC-HMS relies in three specific components: a basin model, a meteorological model, and a set of control specifications. The basin model is the physical representation of watersheds (termed as "subbasin" in HEC HMS) and river systems into hydrological elements, each one configured with its proper method for the simulation of hydrologic processes. A meteorological model consists of a time series data of rainfall used for the simulation. The set of control specifications determines the simulation time step and period or duration.
HEC-HMS's pre-processor, HEC-GeoHMS (version 1.1), was used to prepare the basin model file. HEC-GeoHMS is an extension of ArcView GIS software that allows users to visualize spatial information, document watershed characteristics, perform spatial analysis, delineate watershed boundaries, and construct inputs to hydrologic models (USACE HEC, 2003) . A 10-m SAR DEM was used for sub-basin delineations and for derivation of topography-related parameters of the model. Images acquired by the Landsat 8 satellite were also utilized to derive a landcover map using Maximum Likelihood classification. The landcover map is necessary for the derivation of land-cover-related model parameters such as surface roughness coefficient, and runoff/infiltration capacities. River width and cross-section data obtained from field surveys as well as those extracted from 1-m resolution LiDAR-derived Digital Terrain Model (DTM) were also used to estimate the channel routing parameters of the model. The basin model file was imported into HEC HMS 3.5 for further model development (e.g., for the setup of a meteorological model, and control specifications), and for hydrologic simulations. The HEC HMS model was calibrated using observed flow data for the January 9-14, 2014 at Cabadbaran Bridge and using rainfall data recorded by a rain gauge located in DugyamanAnticala which is the nearest station that can best represent the rain falling in the upstream portions of the river basin. As shown in Figure 3 , it can be said that the hydrologic model performed satisfactorily, although the simulated hydrograph overestimated peak discharge and the time of peak is simulated earlier than the observed time of peak. The comparison between the observed and simulated hydrographs revealed a NashSutcliffe Model of Efficiency of 0.72 indicating that the hydrologic model can simulate discharge hydrographs within acceptable levels of accuracy (Moriasi et al., 2007) .
After a successful calibration, the model was used to simulate discharge hydrographs for the December 29-30, 2014 period which corresponds to the occurrence of TS Seniang. The data recorded by Dugyaman-Anticala rainfall station was utilized in the hydrologic simulations. The discharge hydrographs ( 
HEC RAS Hydraulic Model Development
For the 2D hydraulic model, river bed topography (obtained from bathymetric surveys), sea bed topography (obtained from a NAMRIA topographic map), LiDAR DTM, building footprints (with top elevation) extracted from LiDAR Digital Surface Model (DSM), and the same landcover map derived from Landsat 8 OLI satellite image were used as major inputs into HEC RAS 5. The river and sea bed topographic datasets and building footprints were integrated into the LiDAR DTM to ensure that the 2D model can account for the effects of river and sea bed topography as well as for the presence of buildings in flow simulation (e.g., in computing depth, speed and direction of flow). In the absence of observed tidal data, predicted tidal data at Butuan Bay was also used as boundary condition input into the 2D model to account for the effects of tide.
The 2D model was developed by creating first the 2D flow area (i.e., 2D model domain) that defines the boundary for which the 2D computation will be done. It has an approximate area of 45.54 km 2 and was discretized into 15 m by 15 m mesh/cell size. The computational domain consists of 201,852 cells. The 2D hydraulic model has 4 boundary conditions, in which 2 are inflows from the upstream of the rivers (using HEC HMSsimulated discharge hydrographs), 1 tidal boundary condition at the sea, and 1 precipitation condition (rainfall recorded at Cabadbaran City Hall). The model was run from December 29, 2016 00:00 to December 30, 2016 12:00 (total of 36 hours of simulation period), with a computation interval (time step) of 30 seconds. Model outputs were generated at 5-minute intervals. Although the mesh size was set at 15x15-m, the 2D module of HEC RAS 5 can produce various flood characteristic layers at the same resolution of the input DTM which is 1x1 m using a "sloping water surface" interpolation method (USACE HEC, 2016a).
DETAILED FLOOD CHARACTERSTICS FROM 2D SIMULATIONS
Maximum Flood Depths
The maximum flood depth map generated by the 2D model for the Seniang event is shown in Figure 5 . This map was derived by getting the maximum depth in each cell regardless of the time when that depth was reached during the simulation period. For the Seniang event, it can be observed that majority of the flooded areas were computed by the 2D model to have depths ranging from 10 cm to 1 m. This map is useful in flood preparedness in case a rainfall event similar to Seniang is expected to occur. With this map, the community can be informed on which areas needs to be alerted and prepared for evacuation, or which areas to be avoided.
Flood Hazard Based on Maximum Depths
A flood hazard map based on maximum flood depths is shown in Figure 6 . In this map, the level of flood hazard are categorized into three: low (for flood depths of 0.5 m and below), medium (flood depths greater than 0.5 m to 1.5 m), and high (for flood depths greater than 1.5 m). This type of map is an example of the flood hazard maps that are currently available for the Philippines. 
Maximum Flood Velocities
Another one of the most important outputs of 2D flood modelling is the generation of a maximum velocity map ( Figure  7 ). This map would tell us how fast the water is traveling at a particular location. In the case of Seniang event, higher velocities are found along the rivers and streams, with the maximum velocities located in areas of inflows. In the floodplain, velocities range from almost 0 to 1 m/s. Flood velocity maps, in addition to flood depth maps, are vital in flood risk management because they indicate the level of harm the community is exposed to. 
Flood Arrival Time
Flood arrival time maps represent the computed time (in hours or days) from a specified time in the simulation when the water depth reaches a specified inundation depth (USACE HEC, 2016a). For the case of the Seniang event, we were able to generate two flood arrival time maps, one showing the number of hours a particular location gets inundated by at least 0.10 m from the start of the simulation period (Figure 8) , and another one from the time of peak flow at Cabadbaran Upstream ( Figure  9 ). It can be observed that for the Seniang event, many areas get flooded within 24 hours (Figure 8 ). The areas that will get flooded first (small arrival times) can also be easily identified.
Another important information that we can get from this map, especially from Figure 9 , is that many areas are already flooded even before peak flow was reached at the Cabadbaran Upstream. 
Flood Duration
The flood duration map shown in Figure 10 provides the estimated time a particular location will remain flooded with a flood depth of at least 0.10 m. This information is useful, for example, in estimating how much time is needed for an evacuated community to return back to their respective houses, or for estimating the damage to flooded agricultural areas.
Flood Recession Time
The flood recession map shown in Figure 11 indicates the number of hours flood water will recede at various locations.
Based on the 2D model computations, it can be observed that flood waters due to the Seniang event will take more than 24 hours to recede. It has the same importance as to that of the flood duration map.
Percent Time Inundated
The percentage time inundated map show in Figure 12 indicates the percentage of time within the simulation period that a particular location is flooded. For the case of the Seniang event where the simulation period was 36 hours, a 100% value would mean that for the whole 36 hours, that particular location is flooded by at least 0.10 m depth. 
CONCLUDING REMARKS
We have shown in this paper that beyond the usual flood depth and hazard maps, there are other flood characteristics that can be generated through an integrated RS, GIS and HEC RAS 2D numerical modelling approach. Using the Cabadbaran River Basin as case study area, several high resolution flood characteristic map were produced that included flood velocities, arrival times, recession times, inundation duration, and percent time inundated.
The approach we presented in this work may be considered as a potential extension of the current methodology being adopted by the Philippines in its flood hazard mapping initiatives, particularly through the UP DREAM/Phil-LiDAR 1 Programs. The generation of additional flood characteristics layers through the use of high spatial resolution LiDAR datasets and 2D modelling can expand the utility of the currently available flood hazard maps. These layers have important implications in various levels of flood disaster and risk management, especially in formulating preparedness, evacuation as well as mitigation strategies.
